Double Type-II Seesaw, Baryon Asymmetry and Dark Matter for Cosmic Excesses 
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We construct a new realization of type-II seesaw for neutrino masses and baryon asymmetry 
by extending the standard model with one light and two heavy singlet scalars besides one Higgs 
triplet. The heavy singlets pick up small vacuum expectation values to give a suppressed trilinear 
coupling between the triplet and doublet Higgs bosons after the light singlet drives the spontaneous 
breaking of lepton number. The Higgs triplet can thus remain light and be accessible at the LHC. 
The lepton number conserving decays of the heavy singlets can generate a lepton asymmetry stored 
in the Higgs triplet to account for the matter-antimatter asymmetry in the Universe. We further 
introduce stable gauge bosons from a hidden sector, which obtain masses and annihilate into the 
Higgs triplet after spontaneous breaking of the associated non-Abelian gauge symmetry. With Breit- 
Wigner enhancement, the stable gauge bosons can simultaneously explain the relic density of dark 
matter and the cosmic positron/electron excesses. 

PACS numbers: 14.60.Pq, 98.80.Cq, 95.35. +d 
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I. INTRODUCTION 

Observations of solar, atmospheric, reactor and accel- 
erator neutrino oscillations have strongly pointed to tiny 
but nonzero neutrino masses [H. The smallness of neu- 
trino masses is naturally explained by the seesaw ex- 
tension of the standard model (SM). In the seesaw sce- 
nario, the observed baryon asymmetry in the Universe 
can be generated through the Icptogcnesis 0, 01 ■ The 
type-II seesaw models [5| generically contain a trilinear 
coupling between the triplet and doublet Higgs bosons, 
which is a unique source for the lepton number viola- 
tion. This interaction is the key ingredient to realize 
leptogenesis in the type-II seesaw @ . If this lepton num- 
ber violation is very weak, a lepton asymmetry stored 
in the Higgs triplet can survive and thus be transferred 
to the lepton doublets. Subsequently the sphaleron pro- 
cess can partially convert this lepton asymmetry to 
the observed baryon asymmetry in the Universe. When 
the type-II seesaw is implemented in models of large ex- 
tra dimensions with lepton number breaking in a distant 
brane, it can lead to interesting collider phenomenology 
by predicting a light Higgs triplet with significant cou- 
plings to leptons y. 

In this paper, we construct a new double type-II see- 
saw scenario to simultaneously generate a suppressed 
coupling of the Higgs triplet to the Higgs doublet and 
a lepton asymmetry stored in the Higgs triplet. This 
is realized by introducing two heavy and one light sin- 
glet scalars to the type-II seesaw model, where the Higgs 
triplet has a TeV-scale mass and its Yukawa couplings to 
the lepton doublets are naturally 0(1), so it is within the 
discovery reach of the LHC. When the light singlet devel- 
ops a vacuum expectation value (VEV) , the lepton num- 



ber will be spontaneously broken at the TeV scale. The 
heavy singlets will then pick up small VEVs to give the 
suppressed coupling between the Higgs triplet and dou- 
blet. These heavy singlets are also responsible for gen- 
erating the lepton asymmetry stored in the Higgs triplet 
through their out-of-equilibrium decays which violate CP 
but conserve lepton number. 



On the other hand, strong evidences for the non- 
baryonic dark matter relic abundance Q require supple- 
menting additional new ingredients to the existing the- 
ory. The dark matter may also be responsible for the 
positron/electron excesses in the cosmic rays as observed 
by ATIC [13], PPB-BETS [lH, PAMELA HESS [H 
and Fermi/LAT |lj| collaborations. This indicates that 
the dark matter should mostly annihilate or decay into 
leptons with large cross section or long lifetime. Such 
type of dark matter may have special relation with the 
neutrino mass-generation [lEj . In this study, we extend 
the double type-II seesaw model for the neutrino masses 
to explain the relic abundance of dark matter [lij as well 
as the cosmic positron/electron excesses. In a bosonic 
hidden sector, the vector bosons associated with a non- 
Abelian gauge group can be stable since they are for- 
bidden to mix with the gauge bosons of the SM due to 
the non-Abelian character. Such type of hidden vector 
bosons can explain the relic density of dark matter in the 
Universe [l7|. In the present construction, these hidden 
vector bosons will annihilate into the Higgs triplet in our 
double type-II seesaw scenario and the Higgs triplet dom- 
inantly decays into lepton pairs. The annihilation process 
of the hidden vector bosons into the Higgs triplets invokes 
an s-cliannel exchange of a Higgs boson (which is also re- 
sponsible for the mass generation of dark matter). With 
the Breit-Wigner resonant enhancement 



2 



the cross section could be large enough to account for the 
cosmic-ray positron/electron excess without introducing 
any other additional boost factor. In this way the hidden 
vector bosons can naturally serve as a new candidate of 
leptonic dark matter 1^, 22 , 2^ . 



II. DOUBLE TYPE-II SEESAW 

The type-II seesaw mechanism is realized by extending 
the SM with a Higgs triplet. Under the SM gauge group, 
this Higgs triplet is allowed to have a Yukawa coupling 
with the Icpton doublets, 



(1) 



and a trilincar interaction with the Higgs doublet in the 
scalar potential. 



V D — /^o (f^^'T2i4> + h.C. 



(2) 



where and (/> denote the lepton and Higgs doublets, 
respectively, while ^ is the Higgs triplet. In the presence 
of trilinear interaction ([2]), the Higgs triplet ^ can develop 
a small VEV once the Higgs doublet </> acquires its VEV 
to break the electroweak symmetry. Such a small VEV 
of ^ will thus naturally generate tiny neutrino masses 
through the Yukawa coupling ([1]). Conventionally, we 
assign the Higgs triplet ^ a lepton number L — ~2 as 
the lepton doublet ij}^ has i = +1 . In consequence, 
the Yukawa interaction ([1]) is lepton-number conserving, 
while the trilinear interaction ([2]) softly and explicitly 
breaks the lepton number because of L = for the Higgs 
doublet (j) . 

To explain the origin of the lepton number violation 
in the type-II seesaw model, it is desirable to naturally 
start with a lepton number conserving Lagrangian and 
then break it spontaneously. This can be achieved by 
introducing a singlet scalar with a global lepton number 
L = -)-2 , similar to the singlet majoron model [^J]. Then 
the cubic coupling in the lepton number violating inter- 
action 12]) should be proportional to the breaking scale 
of lepton number. 

In the present study, we propose a more attractive sce- 
nario by extending the type-II seesaw model with heavy 
and light singlet scalars. For simplicity, we will not give 
the complete scalar potential, instead we write the rele- 
vant part for our analysis as follows, 



V D -TO? (crV) + Ai (o-tcr)^ - (0l 
-|-TO|Tr (^^e) - {nx<f>^ iT^i<l> + h.' 



A, 



(3) 



where a and x s-^e the light and heavy singlets, re- 
spectively. For the lepton number conservation in the 



TABLE I: Summary of relevant quantum number assignments 
in the present model, where the new gauge boson X'^ and 
Higgs doublet 77 under the hidden gauge group SU(2)h will 
be explicitly defined in Sec. IV. 
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scalar potential ([3]), we have assigned L = +2 for x and 
L ~ ~1 for fj . A summary of the relevant quantum 
number arrangement of our model is given in Tabic. 1. 

With proper choice of parameters, the singlet scalar a 
is expected to develop a vacuum expectation value of the 
order of TeV ^ to drive the spontaneous symmetry break- 
ing of the global lepton number. The vacuum expecta- 
tion value (fj) will induce a small VEV for the singlet x 
in the presence of the large mass term and the trilincar 
coupling, as shown in the second line of Eq. ([3]), 



Ml 



(4) 



It is evident that the vacuum expectation value (%) is 
highly suppressed for ^ M ^ (c) . This clearly 
shares the essential feature with the traditional seesaw 
mechanism. The small vacuum expectation value (%) will 
then induce a suppressed coupling of the Higgs triplet ^ 
to the Higgs doublet from the last terms of Eq. 
According to Eq. we thus have, 



Mo «(X> = 



Ml 



(5) 



which is naturally small for k < 0(1) . 

Subsequently, the Higgs doublet (j) develops a VEV, 
{(j)) ~ 174 GeV, to break the electroweak gauge symmetry 
SU{2)l U{1)y- So the Higgs triplet ^ can pick up a 
small VEV through the type-II seesaw mechanism. 



(0 



(6) 



^ It is clear that, given (a) = C'(TeV) and without fine-tuning the 
parameters, the mass of the physical Higgs boson naturally lies 
at the TcV scale. 
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FIG. 1: The new double type-II seesaw for the generation of 
Majorana neutrino masses. 



We note that the VEV (^) is naturally small even for a 
weak-scale triplet mass = O(TeV) ^ C'(('?I>)) , thanks 
to the highly suppressed trilinear coupling in Eq. ([5]) 
through the tiny VEV (x) in Eq. At this stage, 
the neutrinos eventually obtain tiny Majorana masses 
through their Yukawa couplings with the Higgs triplet 
as shown in Eq. ([T|) . 

= fiO- (7) 

Therefore, the small neutrino masses m^, <^ {(/)) can be 
naturally realized for the Yukawa couplings / = 0(1) . 
Remarkably, our new construction includes an additional 
seesaw step to realize the type-II seesaw mechanism as 
shown in Fig.[Tl and may thus be called "double type-II 
seesaw" to reflect this new ingredient ^ . 

For illustration, we give a numerical sample here. Let 
us take the typical inputs, = 10^^ GeV, /.j = 3 x 

10^2 GeV, (cr) = 1.2 TeV, 0.5 TeV, and k = 1 . We 

thus deduce, = (x) — 0.43 eV, and 

(0=i0.05eV. (9) 

With the Yukawa coupling / = 0{1) , we see from ([7]) 
that this naturally generates the small neutrino masses, 
TO^ = f{0 = 0(0.1) cV, consistent with the oscillation 
data [l|. 

In the present construction, the cubic coupling ([2]) be- 
tween the triplet and doublet Higgs scalars is highly sup- 
pressed so that the Higgs triplet ^ can lie at the weak 



^ We can replace the heavy singlets by heavy triplets to give an- 
other double type-II seesaw model, 

V D -ml{a^ a) + X^ia"! af ~ ml{(P^ <t>) + X^i^p"^ (Pf 

+M2Tr(xtx) - [t^^rTri^^x) + h.c] 

4-m|Tr(gt5) _ {Ka'' (f>'^ iT^x4' + h.c.) . (8) 

Here x denotes the heavy triplets with the lepton number L = 
— 1, other notations coincide with the present model. This model 
also has some similarity with the lepton number soft-breaking 
models [H. 



scale, with a mass around 0(0.5 — 1) TeV, although its 
Yukawa coupHngs to the leptons are of 0(1). Such a 
weak scale Higgs triplet will thus lead to interesting phe- 
nomenolog y at the LHC and future lepton colliders (such 
as the ILclii] or CLIC Q). This Higgs triplet contains 
neutral and charged Higgs bosons (^°, <^^, ^'^'^)- At the 
LHC, they can be produced via their gauge couplings 
with photon or W^/Z^ bosons and then decay domi- 
nantly into di-leptons. For instance, these triplet Higgs 
bosons (with masses around 0.5 — 1 TeV) can be detected 
at the LHC via s-channel pair productions, 

PP ^ (7*, Z*) £,++r'' ^ , (10a) 

pp^ (Z*) ^ ^ , (10b) 

pp^ {w+*) ^ ^++r ^ £^£'^£'~'^' , (10c) 
PP {W+*) ^ ^+^° ^ i^£+ £'-£'+ , (lOd) 

giving rise to distinct 4-lepton signatures or 3-lepton plus 
missing energy signals. In particular, from (|10ap we see 
that the like-sign 4-leptons of the type e^e^fi^fr^ with 
large invariant masses (Mge and Mf^f^) and large trans- 
verse momenta are striking signals for the LHC discovery. 
Another interesting process is the pair production, 

PP ^ JJ^++?° ^ jj£+£+£'+£'- , (11) 

via the quartic vertex ly^iy^^TT^o qj- ^j^g i-channel ^- 
exchange, with two energetic forward-jets and 4-leptons 
(such as fj,'^ ^~ and fi'^e'^e~) in the final state. 
Furthermore, at a future TeV lepton collider (such as 
ILC or CLIC) operating in the e~e~ mode, the can 
be directly produced via e~e~ ^ ^ —f £~£~ , with 
£'£" = M for instance, which has very clean back- 
ground.'^ 

We also note that since lepton number is a global sym- 
metry, its spontaneous breaking induced by the nonzero 
(cr) will lead to a massless Nambu-Goldstone boson. 
Although this Nambu-Goldstone boson has a compo- 
nent from the Higgs triplet, there is no problem with 
the low-energy phenomenology including the LEP con- 
straints because this triplet fraction is highly suppressed 
by iO/i'^) ~ O(10~^'^). Also, the imaginary parts of the 
Higgs triplet ^ and the doublet (j) have mixing, and one 
of their combinations results in a physical pseudoscalar 
which has a mass controlled by the heavier mass and 
thus escapes from the low-energy constraints. 



^ If such double-charged Higgs bosons fall in the mass-range 
of 300 - 500 GeV as could be seen at the LHC [H, a 500 GeV 
ILC operated in the e~e~ mode is expected to confirm the J 
discovery via the s-channcl production, and further measure its 
properties precisely. 
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III. BARYOGENESIS VIA LEPTOGENESIS 

In the present model, the heavy singlets x have two 
decay channels as shown in Fig. , 



X 



r 



and 



X 



(12) 



If CP is not conserved, the x ~* C4'*4'* process and its 
CP-conjugate can generate a lepton asymmetry stored 
in the Higgs triplet after they go out of equilibrium. At 
the same time, there will emerge an equal but opposite 
lepton asymmetry stored in the light singlet since the lep- 
ton number is conserved in the x decays and the sum of 
lepton asymmetries from the two decay channels in (|12p 
vanishes. Note that in the Icptogenesis, the sphaleron 
action has no effect on the light singlet. So we can fo- 
cus on the lepton asymmetry stored in the Higgs triplet, 
which has been decoupled from the lepton asymmetry 
stored in the light singlet and will be rapidly transferred 
to the lepton doublets. After the lepton number is spon- 
taneously broken at the TeV scale by the VEV of the sin- 
glet scalar a, the Higgs triplet ^ will develop a trilinear 
coupling /ig to the Higgs doublet cj), as shown in Eqs. ([2]) 
and (l5|). Due to the smallness of this trilinear coupling 
/ig, the induced lepton number violating processes take 
place so slowly that they will not reach equilibrium until 
the temperature falls well below the electroweak scale, 
where the sphaleron process has become very weak. In 
consequence, the lepton asymmetry stored in the Higgs 
triplet can be partially converted to a baryon asymmetry. 

It is clear that at least two such heavy singlets arc 
needed to have CP violation and realize an interference 
between the tree-level diagram and the loop-order self- 
energy. Here we minimally introduce two heavy singlets 
Xi 2 ■ For convenience, we choose a basis of the heavy 
singlets by a proper rotation, which gives real, diagonal 



scalar mass-matrix 



diag(M2^, 



) and two real 



cubic scalar-couplings /i = (/Xj^, ii^)- Consequently, we 
only need to keep k = (kj^, k^) complex in the Higgs 
potential. For illustration, consider the case where the 
two heavy singlets X\ i have hierarchical mass-spectrum. 
In this case, the final lepton asymmetry stored in the 
Higgs triplet will mainly come from the decay of the 
lighter one. Without the loss of generality, we choose 
X\ to be the lighter singlet and X2 ^^c heavier one, i.e., 
M^j^ ^ -^X2- We then compute the CP-asymmetry for 
the Higgs triplet. 



sin (5 
~2^ 



327r^ 



M2 

X2 



Ml t^l 



3 



(13) 



where we have defined ki = iKije"** and 5 = 82 — 5i is 
the difference of the two phase angles which controls the 
above CP-asymmetry parameter e^. In (I13p . Fj denotes 
the total decay width of Xi or x* , 



= nxl 



C4>*4>*) + T{x, 

e (/)(/)) + F(x* 



(7 (7 ) 

a (J ) 




(14) 



Here the second equality is guaranteed by the unitarity 
and the CPT conservation. 

When the lepton number is spontaneously broken by 
the VEV (ct) , there will emerge a trilinear coupling of the 
Higgs triplet to the Higgs doublet as shown in Eqs. ^ 
and ([5]). For {a) = 1.2 TeV, the phase transition may 
occur at the temperature < = 0.5 TeV, where 
the lepton number violating processes have been already 
decoupled because 



1 



iMol 



< H{T) 



Here, 



HiT) 



90 



(15) 



(16) 



PI 



is the Hubble constant, with the relativistic degrees of 
freedom g^, ~ 100 and the Planck mass Afpj ~ 10^^ GeV. 
We then derive the final baryon asymmetry by comput- 
ing the ratio of the baryon number density over the 
entropy density s , 



28 



79 



28 riL^ 



79 



28 n^x\ 



155* 



where n'^ is the thermal equilibrium density of Xi ■ 
Note the above solution is only valid for the weak 
washout regime with 



< 



H{T) 



(18) 



Let us consider the sample inputs. 



0.1 = lO^-^GeV, 



1 ini(K*K2) ^J,^^l2 



27r 



327r2 I 



Ml J± 



327r2 



Ail = /i2 = 3 X 10'^ GcV , 

|kJ = knl = 1 , sin(5 — —0.11 



(19) 



5 



-a* -a* 

FIG. 2: The lepton number conserving decays of the heavy singlets x the tree level and the loop orders for generating a 
lepton asymmetry stored in the Higgs triplet ^ , and an equal but opposite amount stored in the light singlet a . Here the 
CP-conjugate diagrams are not shown for simplicity. 



with which we can estimate the CP-asymmetry, 

El ~ -1.3 X 10"^ (20) 

For convenience, we express the baryon asymmetry in 
terms of the ratio of rig over the photon density n , 



6.3 X 10 



-10 



(21) 



which is consistent with the five-year observations of the 
WMAP collaboration [lil, n^/n = (6.225 ± 0.170) x 
10-1". 

In the present model, the leptogenesis mechanism is 
different from that in the conventional seesaw models. 
Now the amount of lepton asymmetry does not depend on 
the parameters in the neutrino mass matrix. As a result, 
there is no DI bound [s^ on the decaying particles. So 
we are flexible to lower the Icptogcnsis scale and avoid 
the gravitino problem in a supcrsymmctric extension of 
this model, although we do not elaborate on this point 
in the present paper. 



IV. LEPTONIC DARK MATTER 



The recent PAMELA experiment [IJ] found an anoma- 
lous rise of the 6^/(6"*" -I- e") fraction in cosmic rays, 
while the HESS [H and Fermi/LAT [H] observations fur- 
ther exhibit an excess over the conventional background- 
predictions for the cosmic ray fluxes. Systematical data 
fitting shows [3l| that for the dark matter particles of 
mass around 3 TeV, their annihilations into the leptonic 
final states (^"'"^-, r+r" , 4^, 4r, depending on the dark 



matter profile) can give a good fit to the excess; in gen- 
eral, a dark matter having mass lighter than about a TeV 
is excluded. In this section, we will extend our model to 
include a dark matter sector, in which the vector dark- 
matter particles annihilate dominantly into the //'s and 
r's. With the aid of Breit-Wigner enhancement and for 
a hidden vector boson mass around 3 TeV, we find that 
our model can naturally explain the cosmic excesses 



based on the general analysis in [31 1 . 

To construct the dark matter sector, we consider a hid- 
den SU{2)h gauge theory with a complex Higgs doublet 
field T] , but with no extra fermions (cf. Table 1). So, the 
hidden sector Lagrangian for r] doublet can be written 



as. 



where 



r 



(22) 



(23) 



(24) 

After the hidden SU{2)h is spontaneously broken by the 
vacuum expectation value (77) , we are left with three de- 
generate massive vector bosons as well as one neutral 
physical Higgs boson C , 



1 



1 



+z9ie\XX + :^9\mX,\\ (25) 



with 



mx 



(26) 
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FIG. 3: The hidden vector bosons annihilate into Higgs 
triplets through the s-channel exchange of the hidden physical 
Higgs boson. 



The hidden SU{2)h forbids its associated vector bosons 
to mix with the SM gauge bosons because of its non- 
Abehan character. Consequently the hidden vector 
bosons are stable, with no decay channel. 

The hidden sector can communicate with the visible 
sector through the following quartic scalar interactions, 



Tr - (3 



(27) 



where the a-term involves the interaction between the 
hidden Higgs doublet 77 and the Higgs triplet ^ , while 
the /3-term links rj to the SM Higgs doublet (p . Once rj 
develops a vacuum expectation value {rj) , the a-term and 
/3-term will induce the cubic scalar couplings for ?y — ^ — C 
and rj—(j)—(j) vertices, respectively. In the unitary gauge, 
the Higgs doublet 77 (or 0) reduces to the neutral physical 
Higgs boson C° (or /i"). Because of the C - X'^ - X'"'^ 
cubic interaction in (|25p . we have the dark matter an- 
nihilation processes'*, X^X"" and X"-X"- hh , 
with the s-channel ^-exchange, where ^ G (^*', ^^^) 
contains 6 real degrees of freedom. For the scattering 
energy much larger than the masses of ^ and h, we find 
that the ratio of the inclusive cross sections for the final 
states and hh is about 6(a//3)^ . Let us consider 
the natural parameter space of p ^ (0.3 — 0.5)q; without 
any fine-tuning. We can thus estimate the ratio of the 
two inclusive cross sections. 



our dark matter annihilation X°'X°' will natu- 

rally lead to leptonic decay products^ and thus nicely 
agree with the exciting signals from the recent cosmic 
ray experiments [lol. Illl [l3^[l3l. 14|, as mentioned at the 
beginning of this section. On the other hand, for the 
process X°'X'^ — > hh , the SM Higgs boson h will decay 
preferably into bb or WW/ZZ final states, but will not 
cause visible signals in the present cosmic ray data due 
to its too small cross section in ([28| . 

So, we consider the hidden vector boson annihilation 
into the Higgs triplets,^ X'^X" -> (a = 1,2,3), 
through the s-channel exchange of the hidden Higgs bo- 
son C , as shown in Fig. [3] The form of the cubic scalar 
vertex C ~ ^ ~ C can be derived from the a-term in (j27p . 



C D -a (yytr,) Tr (e^e) 
D -A/2a(r?)CTr(e^e) , 



(29) 



To compute the cross section of this process, we will av- 
erage over the initial state polarizations and gauge in- 
dices. Thus, we can derive the unpolarized cross section 
for X'^X" , 



(TV 



72tts 



m?)2 



(30) 



where v is the relative velocity of the initial state vector 
bosons, 



V = 2\/l 



(31) 



while the decay width of the Higgs boson ^ is given by 
the channel C, £,£,* (for < 2m 



3a2 (77)^ 



Stt m 



(32) 



C 



a[X''X'' ^hh] ^ 1 



0.5% -4% 



(28) 



indicating that the process X°'X°' — > fully domi- 
nates the dark matter annihilation cross section. Due to 
the large triplet Yukawa couplings f = 0{1) in ((T|) and 
tiny trilinear scalar coupling iiq ~ 0(0.1 — l)eV in ([2]), 



We now verify that the hidden vector bosons can in- 
deed serve as the dark matter. For this purpose, we need 
to thermally average the cross section ([301) and deter- 
mine their relic density. Following Refs. [isl . lol . 2ol . 21 1, 
we consider the Breit-Wigner resonant case. 



6 = 1- 



< 1. 



(33) 



We may also have decay processes for non-thermal production of 
dark matter Is^l . For instance, the heavy singlets x may decay 
into the hidden vector bosons X due to the quartic interaction 
between x Sund the hidden Higgs doublet 77, (x^x) ('7^'?) ■ How- 
ever, this decay is highly suppressed because of the tiny VEV 
(x) in Q and the heavy mass in Jsjl. So, the induced relic 
density of dark matter is too small to be relevant. 



^ As variations of our current construction, we may also consider 
the dark matter annihilation into other leptonic scalars like those 
in Zee model [33ll or Zee-Babu model [sSl . 

^ As the present work is being prepared, a now preprint |23|I con- 
sidered scalar dark matter with their annihilations into Higgs 
triplets. 
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nix (TeV) 

FIG. 4: Predictions of the dark matter density Qj:,Mh^ as a function of hidden vector boson mass mx in our model. The 
curves from right to left correspond to gx/ci = 10, 20, 30, 35, 40, 50, 60, 70, respectively, where we have set S — 0.4 x 10^^ 
and gx = 0.34. The shaded region (yellow) is allowed by the cosmological bound, 0.1029 < SIqm^^ < 0.1233 {3a level), as 
extracted from the WMAP data[2|]. 



The relic density of the dark matter in our model can be 
solved from the Boltzmann equation 35| with the reso- 
nant effect in, 



2 1.07 X lO^x/GcV"^ 

"DM"- — , — ', ^ 



0.1 X lO-^GeV"^ 



X BF 



X BF , (34) 



where BF is the effective boost factor due to Breit- 
Wigner resonant effect [2^ , as will be discussed shortly. 
The parameter Xj = rnj^y^/T is the freeze-out tempera- 
ture [sal , 



InX 



1 



■InlnX. 



X 



0.038(5/ V5:)Mpi ('^^^>o 



(35a) 



(35b) 



with (g) the degrees of freedom for massless particles 
(dark matter). Here we have g^ ~ 100 and g = 3 x 3 = 9 
in the present model. The Xj is typically of 0(10 — 30). 



In the above we have defined (av) 



IT=0 • 



For the 



s-wave dark matter annihilation in the non-relativistic 
limit, the thermally averaged cross section equals the 
non-averaged one, (av) av , so we can deduce from 



7 



72m\ (52 



+ 7^ 
3a2 



(36a) 
(36b) 



where, besides (5 ^ 1 , we also note 7^1 for a/g-^ < 
0.1 . Finally, the effective boost factor BF due to Breit- 
Wigner resonant effect is given by [2^ , 



BF 



max [(5, 7] 



(37) 



which is expected to be around 0(10^ — lO'^) . The effec- 
tive boost factor for the annihilation cross section may 
alternatively arise from Sommerfeld enhancement [36| , 
which will not be explored in the present study. 



For illustration, let us consider a sample input, 



With this we can thus derive, 



,5 = 0.4 X 10"^ gx = 40a = 0.34 , = 3 TeV. (38) 



~ 27, 7 ~ 0.37 X 10"'', 
BF ~ 0.93 X 10^, 



{(TV 



2.2 X 10"''GeV"^ 







(39a) 
(39b) 
(39c) 
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and the relic density for dark matter, 

0.11, 



(40) 



which is consistent with the measured value given by 
the WMAP observations (combined with the distance 
measurements from Type-la Supernovae and the Baryon 
Acoustic Oscillations in the distributions of galaxies) [29| , 
n^j^h^ = 0.1131 ±0.0034. 

To further explore the parameter space, we have plot- 
ted Fig. 4. where the relic dark matter density flj^y^h^ 
is shown as a function of the hidden vector boson mass 
rux for possible values of the coupling-ratio g-^jct . The 
present WAMP constraint, 0.1029 < ^^y^h^ < 0.1233 
(3(7 level) , is imposed as the shaded region in the param- 
eter space. 

In the galactic halo, the annihilating dark matter has 
a relative velocity about v 10~^, and its thermally 
averaged cross section is well described by that at the 
zero temperature for v'^ ^ d,j. From the parameter 
choice ((38|) . we see that -f < S holds. It is 

known that a very small 6 does not appear technically 
so natural 21 1, while the Breit-Wigner enhancement 



can give the desired large annihilation cross section of 
0(10"'') GeV~^ as in (I55c]). a nd is consistent with the 
recent cosmic-ray signals [1^ |l3|, Il4i. In our model, 
the anomahes from the PAMELA [li|, HESS [H and 
Fermi/LAT[iil observations can be understood in two 
steps: (i) first, the three degenerate vector bosons 
with mass around 3 TcV, annihilate into the Higgs triplet 
^ with the enhanced cross section (|39cp ; (ii) subsequently, 
the Higgs triplet ^ rapidly and mostly decays into the lep- 
tons (the /i's and r's). 



V. SUMMARY 

We have constructed a new double type-II seesaw sce- 
nario where the coupling of the Higgs triplet to the Higgs 
doublet is highly suppressed after spontaneous breaking 
of the global lepton number. In our model, the small neu- 
trino masses can be naturally realized, while at the same 
time the Yukawa couplings of the TeV-scale Higgs triplet 
to the lepton doublets are large enough, leading exciting 
phenomenology at the LHC and future TeV lepton col- 
liders (such as the ILC or CLIC). Furthermore, a lepton 
asymmetry stored in the Higgs triplet can be generated in 
the lepton number conserving decays and then be rapidly 
transferred to the lepton doublets. Hence, the matter- 
antimatter asymmetry in the Universe can be naturally 
explained via leptogenesis in our model. We have further 
extended the model to realize the leptonic dark matter by 
including stable vector bosons associated with a hidden 
non-Abelian gauge symmetry. The stable vector bosons 
can dominantly annihilate into the Higgs triplets, which 
decay mostly into Icptons in our double typc-II seesaw 



scenario. In this annihilation, there is an s-channel pro- 
cess mediated by a hidden Higgs boson, which is responsi- 
ble for the mass generation of dark matter. Furthermore, 
the Breit-Wigner resonant enhancement makes it possi- 
ble to have a large annihilation rate of the dark matter 
particles into the /x's and r's and thus explain the cosmic 
excesses from our model. 
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